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TECHNICAL ABSTRACT

Near-fault ground velocities generated by earthquakes are characterized by a pulse of
intermediate period and intense ampiitude.

We investigated the waveform of the near-fault pulses and relate it to the causative
ruplure processes (i.e., the slip and stress distribution on the fault plane). One of the important
conclusions / observations is that for smaller earthquakes (such as the 1979 Imperial Valley
earthquake), the area of the fault that contributes to the formation of the near-fault pulse
encompasses more than one “pafches” of significant moment release (subevents). This
observation should be contrasted with what is observed for the rupture of a major event {such as
the 1985 Michoacan earthquake) which encompasses an individual “patch” of significant moment
release (subevent). This explains why a dislocation model with average properties (i.e., average
slip, rise time, etc) reproduces reasonably well near-fault motions for events such as the 1979
Imperial Valley earthquake, while a crack model would be necessary to model the near-fault
motions of a mega-thrust event such as the 1985 Michoacan earthquake.

We investigated the rotational motions [i.e., torsion (= rotation about a vertical axis) and
rocking (= rotation about a horizonta! axis)] associated with the near-fault intense velocity pulses
of earthquake ground motion. We concluded that the analytical model that was used for the
representation of the coherent (long-period) component of the near-fault ground motions
proposed by Mavroeidis and Papageorgiou (2003) may be used to approximate the torsional
component of the near-fault ground motion.

We investigated the response of simple models of structures (such as buildings and
towers of cable-supported bridges) to near-fault translational and rotational motions. Based on
our investigations we conclude that the accidental eccentricity considered by the current
provisions of the building code is adequate to account for the rotational (torsion) motions about a
vertical axis induced by the near-fault earthquake displacement field.
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NON-TECHNICAL ABSTRACT

Near-fault ground velocities generated by carthquakes are characterized by a pulse of
intermediate period and intense amplitude.

We investigate how the stress-drop and slip distribution on the fault plane (during the
rupture process) that generate an carthquake are related to the above mentioned velocity pulses.
From analyses of well recorded past events we ohserve that for smaller earthquakes the area of
the fault that contributes to the formation of the near-fault pulse encompasses more than one
“patches” of significant seismic moment release (subevents). This observation should be
contrasted with what is observed for the rupture of a major event which encompasses an
individual “patch’” of significant moment rejcase (subevent).

We investigated the rotational motions [i.e., torsion (= rotation about a vertical axis) and
rocking (= rotation about a horizontal axis)] associated with the near-fault intense velocity pulses
of earthquake ground motion. We concluded that the analytical model that was used for the
representation of the coherent (long-period) component of the near-fault ground motions -

proposed by Mavroeidis and Papageorgiou (2003) may be used to approximate the torsional
component of the near-fault ground motion.

We investigated the response of simple models of structures (such as buildings and
towers of cable-supported bridges) to near-fault translational and rotational motions. Based on
our investigations we conclude that the accidental eccentricity considered by the current
provisions of the building code is adequate to account for the rotational (torsion) motions about a
vertical axis induced by the near-fault earthquake displacement field.




MAIN BODY OF THE REPORT:

Code provisions have historicaily been developed based on recorded ground motions not
sufficiently close to the causative fault. Thus, the effect of the impulsive character of the near-
fault ground motions on the elastic and inelastic performance of conventional, non-conventional
(c.g., base-isolated) and special (e.g., jong-span bridges) structures has recently received much
attention and has become a significant concern for reliable aseismic structural design. The
purpose of the investigation is to assess the adequacy of current building code provisions and to
contribute (if necessary) to their improvement.

Tn order to effectively investigate the structural response to near-fault ground motions,
the ground motion input should be properly represented and parameterized in terms of simple, yet
effective, analytical models whose input parameters have an unambiguous physical interpretation
and scale, to the extend possible, with earthquake magnitude. Such & model, thet successfully
captures the impulsive character of near-fault velocity puises both qualitatively as well as
quantitatively, has been proposed by Mavroeidis and Papageorgiou (2003). The model consists of
a very simple mathematical expression. The most important parameters of the model are the
“pulse duration” Tp and the “amplitude” 4 of the pulse.

With the research project that we completed, we attempted to build on the above
accomplishments of our work on near-fault motions. The aim was to accomplish the following

tasks:

Task I: Investigate the waveform of the near-fault pulses and relate it to the causative
rupture processes (i.¢., the slip and stress distribution on the fault plane).

Tusk 2: Tnvestigate the rotational motions [i.e., rorsion (= rotation about a verfical axis)
and rocking (= rotation about a horizontal axis)] associated with the near-fault intense
velocity pulses of earthquake ground motion, and propose a simple mathematical model
to describe them, that can be readily used by engineers for earthquake analysis and design
of structures.

Task 3: Investigate the response of simple modeis of structures (such as buildings and
towers of cable-supported bridges) to near-fault translationa! and rotational motions,
perform exploratory parametric analyses to discern the sensitivity of the structural
response to various key parameters of the input (e.g., “pulse duration” Tp, “phase
velocity” ¢, etc), and assess the adequacy of existing building code provisions to account
for earthquake motions in the near-fault region.

Task I:
In our previous work on near-fault motions, we proposed a very simple mathematical

expression to describe near-fault velocity pulses (Mavroeidis and Papageorgiou 2003). The
mathematical expression for the velocity pulse w(¥) is

v(e) = A%{Hcos(gzr;-”(t—to)ﬂcos[erfP(t—to)+v], t°_2_7]/r:$t-£t°+?}’ﬁm with y>1 (1)

0, otherwise

Parameter 4 controls the amplitude of the signal, fp is the frequency of the amplitude-
modulated harmonic (or the prevailing frequency of the signal; “pulse duration” Ty is related to /7
as Tp = 1/fp), v is the phase of the amplitude-modulated harmonic (ie,v=0andv= +7/2 define



symmetric and anti-symmetric signals, respectively), y is & parameter that defines the oscillatory
character (i.e., zero-crossings) of the signal (ie., for small y the signal approaches a delta-like
pulse; as y increases the number of zero-crossings increases), and f; specifies the “epoch” of the
envelope’s peak.

By calibrating the model using the database of virteally all of the near-fault ground
motions recorded globally so far, Mavroeidis and Papageorgiou (2002a,b; 2003) found that the
“pulse amplitude” 4 is roughly constant, independent of magnitude, having an average value of
~100¢m/s, while the “pulse duration” Tp scales with moment magnitude My as follows:

logT, = 0.5M,, —2.9 . Furthermore, Mavrocidis and Papageorgiou (2004) found that the “pulse

duration” Tp is related to the “rise time”™ ¢ as follows: 7~ 0.57,. The “epoch” # of the signal

represents & mere shift of the origin of the time axis and therefore has no physical significance.
For the other two parameters of the signal, v and ¥, Mavroeidis and Papageorgiou (2002¢) have
not observed any obvious correlation with magnitude. The parameters v and y control the
waveform of the pulse. It is reasonable to believe that parameters v and y are related to the details
of the slip and stress distribution on the fault plane, and we would like to investigate this relation.

In order to investigate the relation of the near-fault velocity pulse waveform to the slip
and stress spatio-temporal history over the fault plane we proposed to investigate events that
produced near-fault strong motion recordings and for which reliable tomographic images of the
evolution of slip have been inferred by inversion. In order to infer the stress distribution on the
fauit plane, we followed the method that Bouchon (1997) proposed. Specifically, Bouchon (1997}
implemented the “Discrele Wave-number Method” to compute the evolution of stress changes on
the fault plane. This is the method that originally Bouchon and Aki (1977) and Bouchon (1979)
had proposed to compute the wave-field generated by a seismic source (such as a shear fault) in
layered homogeneous isotropic elastic half-space. Using this method Bouchon (1997}
investigated the evolution of stress on the fault plan for the 1979 Imperial Valley 1984 Morgan
Hill, 1989 Loma Prieta, and 1994 Northridge earthquakes, while Bouchon et al. (1998a,b)
analyzed the 1992 Landers and the 1995 Hyogo-ken Nanbu (Kobe) earthquakes, respectively.

Having computed the spatio-temporal evolution of stress changes over the fauit plane,
Bouchon (1997) selected to plot three measures of stress change over the fault plane: (1) the
strength excess; (2) the dynamic stress drop; (3) the static stress drop. The next step would be to
identify the regions of the fault plane responsible for the radiation of the intense near-fault
velocity pulses. For example, Wald et al. (1996), in their slip inversion analysis of the 1994
Northridge earthquake, attempted this task by trial-and-error (see their Figure 17). We proposed
to relate the slip distribution and the above measures of stress change to the near-fault velocity
pulses using the concept of wsochrone” curves. The intention was to explore whether there is a
discernible pattern in the slip and/or stress change distribution that favorably generates a certain
waveform. Stating this differently, certain “patches” of large moment release on the fault plane
behave either as cracks surrounded by “barriers” or as “asperities” (Aki, 1984).

We have developed a computer code implementing the “Discrete Wave-number Method”
discussed above. The events that we analyzed are: (1) The 1979 Imperial Valley, California,
earthquake (FIGURE 1); (2) the 1989 Loma Prieta, California, earthquake (FIGURE 2); (3) the
1985 Michoacan, Mexico, earthquake (FIGURE 3); and (4) the 1999 lzmit, Turkey, parthquake
(FIGURE 4). [In the proposal we had proposed to analyze the 1999 Chi-Chi, Taiwan earthquake,
and re-analyze the 1994 Northridge, California earthquake using the inversion solution of
Harizell et al. (1996} who considered also the high-frequency radiation; Bouchon (1997) had
already analyzed this event using the inversion results of Wald et al. (1996). We considered



however that it would more productive to analyze the 1985 Michoeacan earthquake, instead of the
1999 Chi-Chi earthquake, in view of the fact that the rupture of the former event was simpler and
more representative of a major subduction zone event. Similarly, we decided to analyze the 1999
Izmit earthquake instead of the 1994 Northridge earthquake, as representative of a major event on
a transform faull such as the North Anatolian fault or the San Andreas fauit.]

Analysis of the 1979 Imperial Valley that has already been analyzed by Bouchon (1997),
serves as validation exercise for the computer code that we have developed. The 1989 Loma
Pricta earthquake also has been previously analyzed by Bouchon {1997). However, Bouchon
(1997) used the inversion calculated by Beroza (1991), while we used the inversion developed by
Zeng et al. (1993), which is based on higher frequency data and thus reflects a higher resolution
of the fault processes on the fault plane. On the other hand, the state of stress on the fault planes
of the 1985 Michoacan and 1999 Izmit earthquakes are computed for the first time.

FIGURE 5 displays three measures of stress change over the fault plane that are of
interest: (1) the strength excess (the strength increase at the onset of the rupture denotes the
strength excess that when added to the initial stress gives the yield stress of the rock to rupture);
(2) the dynamic stress drop (corresponds to the fargest drop from the initial shear stress level |
during the rupture process); (3) the static stress drop (measures the change in stress produced by
the earthquake).

FIGURES 6, 7, 8, & 9 display the abovementioned three measures of stress change for
the four events under investigation. The following observations can be made:

e The distributions of strength excess, dynamic stress drop, and static stress drop over the
earthquake fauit are characterized by large heterogeneity. This is an indication that both
the pre-earthquake shear stress and the fault strength vary considerably over the fault
plane.

o The slip and stress drop distributions on the fault are strongly correlated; that is, regions
where high stress drop occurs coincide. with regions where large slip takes place. This
observation indicates that large slip is locally driven by high stress drop.

¢ Comparison of the dynamic and static stress drop images indicates that both spatial
distributions follow the same variation pattern. As anticipated, the dynamic stress drop is
higher than the static stress drop by a percentage that varies over the fault plane.

o A negative static stress drop value implies a higher level of shear stress after the
earthquake. The white areas in the top images of FIGURES 6 and 8 indicate regions of
the earthquake faults that exhibited a shear-stress increase. These areas coincide with low
slip regions of the fault plane. In addition, it should be pointed out that the highest stress
increases take place at the margins of the high slip patches.

o High aftershock seismic activity (not shown here} tends to be concentrated in regions
characterized by negative stress drop values. In these arcas of the fault, the stress increase
during the mainshock has brought the post-earthquake stress level closer to the vield
strength (and therefore the specific area of the fault closer to rupture).

» High foreshock seismic activity tends to be concentrated in regions characterized by a
pre-earthquake stress level very close to the yield strength (or static friction). As a result,
in these areas, the strength excess associated with the mainshock is low.

e A high strength excess value implies that either the fault strength was high or the shear
stress was low at that specific area of the fault prior the earthquake.

« The spatial distribution of the strength excess over the fault plane appears to be inversely
correlated to the local rupture velocity; that is, low rupture velocity implies high strength
excess, while high rupture velocity implies low strength excess [e.g., Day (1982), Quin



(1990)]. This featurc was particularly noticeable in the 1979 Imperial Valley carthquake
characterized by large variability in rupture velocity (i.e., ranging from subshear to
supershear).

e The variation of the shear stress close to the fault edges is not always reliable due to
discontinuities in the fault slip (i.e., slip goes from a finite value on the fault plane to a
null value outside the fault).

e The resolution of the shear-stress images is of the order of 2 to 3 kin comparable to the
resolution of the kinematic slip models exploited in the computation of stresses [this
resolution may be higher for the 1989 Loma Prieta earthquake model (~ 1 to 2 k) for
the reasons that we mentioned earlier]. This implies that short scale-length features of the
slip variation remain unresolved. Therefore, it is possible that the high degree of
heterogeneity that characterizes the stress distributions over the fault plane may exist at
finer scales as well, Moreover, this observation suggests that the stress drops inferred
using the methodology of Bouchon {1997) may be regarded as a lower bound to the
actual stress drop values.

e The values of strength excess and dynamic stress drop obtained from the shear-stress
time histories are sensitive to the maximum frequency considered in the -stress
computations. In order to get stable values of these two parameters, the simulations °
should be carried out to higher frequencies {e.g., 5 Hz or lager).

In order to relate the siip distribution and the above measures of stress change to the near-
fault velocity pulses we exploit the concept of “isochrone” curves. Isochrone is the locus of all
those points on the fault plane the radiation of which arrives at a certain observer at a specified
time. A different set of isochrones corresponds to each station.

In order to make the contrast more stark, we compare the results of the smallest, in size,
event (1979 Imperial Valley, M, 6.5) with those of the largest (1985 Michoacan, M, 8.1).
FIGURES 10 & 11 display the results for the small (M, 6.5) and large (M, 8.1) events,
respectively. Focusing first on the small event (FIGURE 10), we observe that: (1) Seismic energy
radiated from the high-isochrone-velocity region of the fault arrives at the receiver within a time
interval that coincides with the time window of the ground motion pulse recorded at the site; (2)
near-fault strong motion puises are strongly correlated with /large slip on the fault plane locally
driven by high stress drop; and (3) for smaller earthquakes (such as the 1979 Imperial Valley
earthquake), the arca of the fault that contributes to the formation of the near-fauit pulse
encompasses more than one “paiches” of significant moment release (subevents). The last
observation should be contrasted with what is observed in FIGURE 11 for the very large event.
Specifically, in FIGURE 11 we observe that the area of the fault that contributes to the formation
of the near fault pulse for a major event (such as the 1985 Michoacan carthquake) encompasses
an individual “patch”™ of significant moment release (subevent). This explains why a dislocation
model with average properties (i.e., average slip, rise time, etc) reproduces reasonably well near-
fault motions for events such as the 1979 Imperial Valley earthquake (Aki, 1979), while a crack
model would be necessary to model the near-fault motions of a mega-thrust event such as the
1985 Michoacan earthquake (Yomogida, 1988).

Task 2:

- We follow Bouchon and Aki (1982) in simulating time histories of the dynamic
deformation field (i.e., strain, rocking, and torsion) in the vicinity of faults embedded in a layered
half-space using the discrete wavenumber representation method (Bouchon and Aki, 1977;
Bouchon, 1979). A sample of the results is shown in FIGURE 12 which displays various



components of the deformation field for the 1979 Imperial Valley carthquake. The following
observation can be made (these observations / conclusions are valid also for the other events):

o The simulation results satisfy equations (f/dz) = ~ (6u,/8x) and (Ou,/0z) = - (Bu/Cy)
which follow from the stress-free boundary condition at the free surface of the Earth [we
consider a right-handed Cartesian system of coordinates in which x- & y- are the
horizontal axes, and z- is the vertical axis; furthermore, the x-axis is parallel to the strike
of the fault (fawlt-parallel component), while the y-axis is normal to it (fault-parallel
component)}. In addition, the approximation of Equation w; = (1/2) (Bu/ox — Bu,/dy) =
(1/2) (Bu,/ox) appears to be reasonably accurate for most near-fault stations.

e The axial strains are characterized by relatively small amplitudes with the exception of
straing in the transverse direction (i.e., Bu,/y) for stations Jocated very close to the
causative fault. Furthermore, the results illusirate that extension in one horizontal
divection is associated with compression in the other horizontal direction.

¢ The amplitudes of the torsional components of the dynamic deformation field are larger
than the amplitudes of the respective rocking components. Furthermore, rocking along
the strike-parallet direction is consistently larger than rocking along the strike-normal
direction. These observations are in agreement with estimates of actual rotational
components of seismic waves inferred using data from the SMART-1 strong motion array -
in Taiwan (Oliveira and Bolt, 1989).

« Torsion and rocking components of ground motion obtained along a transverse profile to
she fault trace reveal that peak rotations decrease quite rapidly with distance to the fault.
This observation becomes more apparent if results of additional receiver points, not
shown in FIGURE 12, are also considered. As explained by Bouchon and Aki (1982), the
attenuation characteristics primarily depend on the type of waves present.

e« The simulation results indicate that the peak values of rocking and torsion at the stations
depicted in FIGURE 12 were of the order of 107 rad. These values are in good agreement
with estimates of ground rotations available in the literature based on actual strong
motion data. For instance, the peak rotation amplitudes estimated by Niazi (1986) from
analysis of the three components of recorded accelerations along the El Centro linear
differential array during the 1979 Imperial Valley earthquake were in the range of 10™ to
3 10" rad (when relatively large station distances were considered in the analysis).

The top three panels of FIGURE 12 display the time series of the du,/ox, du/ox, and

Bu,/8x components of the deformation tensor () for selected stations of FIGURE 1. The bottom
three panels iilustrate the three components of the velocity time histories generated at the same
locations. Comparison of these two sets of data reveals a remarkable similarity (at least over the
segment of intense ground motion) between the waveforms of the velocity time histories and the
derivatives of the displacement components with respect to distance along the fault strike (i.e., x
coordinate), This indicates that most of the energy (which controls the peak amplitudes of
motion) propagates at each observation point within a relatively small range of phase velocities
and thus the relationship

Gu_1ou

x  cor (2)
(with ¢ being the average phase velocity) is approximately valid.

The phase velocities may be estimated from the synthetic time histories of FIGURE 12
using Equation (2). For the depicted stations, the estimated phase velocities turn out to be close to
the shear wave velocity of the basement rock (4 to 5 km/s). This observation confirms the
proposition that phase velocities are controlled either by the basement rock shear velocity or the
rupture velocity, and not by the shear wave velocity of unconsolidated sediments {e.g., Luco and



Sotiropoulos, 1980; Bouchon and Aki, 1982). Since the rupture velocity of the 1979 Imperial
Valley earthquake was highly variable, the relationship between phase and rupture velocities for
this particular seismic event is rather unclear.

Therefore, the axial strain along the strike direction (wy, = Ou,/8x), the rocking along the
transverse direction (@, = — du,/8x), and the torsional motion [, = 0.5%0w/0x = —(1/2¢)* Ou, /ot
=— (1/2¢)*V, , where ¥ is the fauli-normal component of the ground velocity] may be estimated
with reasonable accuracy through Equation (2) by using synthetic {or actual) ground velocities
and properly selected phasc velocities. Jt is evident that the analytical model proposed in
Fquation 1 for the replication of the long-period (coherent) component of the near-fault ground
motion (along with properly selected phase velocities) may be expleited in a straightforward
manner to approximate the torsional component of the near fault ground motion both in
qualitative and quantitative terms. This development facilitates the parametric investigation of the
dynamic response of structures susceptible to torsional motions as a function of the input
parameters of the ground motion mathematical model.

Task 3:

We have investigated the response of structures to the transiational and torsional motions ‘
induced in the near-fault region. In order to assess the soundness of existing code provisions, we
investigated the response 10 simple near-fault pulses of a relatively simple structural model
(FIGURE 13) that has been proposed by Luco (1976). The model consists of a cylindrical shaft
that responds to translational motion as a “shear beam”. The shaft is supported on a circular rigid
foundation, which, in turn, is supported on an elastic half-space. The frequency characteristics of
the input and of the structural response, along with the transfer function of the structure, are
shown in FIGURE 14. An example of the time-domain response of the structural model to near-
fault pulses (as described by Equation 1) is shown in FIGURE 15. In order to assess the necessary
accidental eccentricity e to account for the torsional response due to “near-fault” motions, we
make use of the following expression which is based on Newmark’s (1969) original analysis:

e () @)
2.:1"~ 4 (uo 1) @ ®)

y

where: @ is the radius of the circular foundation, 4, = (1o /) is the ratio of the total (i.e.

torsional + translational) response to the transiational response, and w, and w, aré the
characteristic (fundamental) circular frequencies of the structure to torsion and translation. In
FIGURE 16, the normalized accidental eccentricity {e/2a) is plotted as a function of the
normalized phase velocity a;. Although the normalized accidental eccentricity may take large
vatues, depending on the values of the various parameters of the problem, for realistic values of
the parameters (and in particular of the parameter 4; which represents the normalized apparent
surface velocity) the eccentricity (e/2q) does not exceed 5%, which is the value imposed by the
building code. The reason for this is that the excitation in Equation (3) enters in the form of a

ratio, i.e. #, =iy, /1,), and consequently, no matter how intense are the near-fault pulses, the

ratio remains stable. Therefore, we conclude that the current provisions of the code regarding
torsional response to near-fault motions are adequate and in fact conservative.

Finally, we have also developed a mathematical model to represent the tower of a cable-
stayed bridge that accounts for soil-structure-interaction. We are currently in the process of
performing paramefric studies of the response of the structural model {0 near-fault motions.
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FIGURE 2: Map view of the epicentral region of the 1989 Loma Prieta earthquake showing the
location of the epicenter, the projection of the idealized fault plane on the free
surface, tocations of accelerographs, and mapped faults in the area.
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FIGURE 13: Structural model proposed by Luco (1976). The model consists of a eylindrical
shaft that responds fo transiational motion as a “shear beam”. The shaft is
supported on a circular rigid foundation, which, in turn, 18 supported on an elastic

half-space.
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FIGURE 14: Fourier amplitude spectra of the excitation (near-fault pulse) and of the response
(twist and translational displacement) at the top of the structural model. The
transfer function of the structural model is indicated by the dashed line.
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FIGURE 15 Translational and torsional (twist) displacement at {he top of the structural model
relative to the base / foundation.
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